Oxytocin plays an important role in monogamous pairbonded female voles, but not in polygamous voles. Here we examined a socially monogamous cooperatively breeding primate where both sexes share in parental care and territory defense for within species variation in behavior and female and male oxytocin levels in 14 pairs of cotton-top tamarins (Saguinus oedipus). In order to obtain a stable chronic assessment of hormones and behavior, we observed behavior and collected urinary hormonal samples across the tamarins' 3-week ovulatory cycle. We found similar levels of urinary oxytocin in both sexes. However, basal urinary oxytocin levels varied 10-fold across pairs and pair-mates displayed similar oxytocin levels. Affiliative behavior (contact, grooming, sex) also varied greatly across the sample and explained more than half the variance in pair oxytocin levels. The variables accounting for variation in oxytocin levels differed by sex. Mutual contact and grooming explained most of the variance in female oxytocin levels, whereas sexual behavior explained most of the variance in male oxytocin levels. The initiation of contact by males and solicitation of sex by females were related to increased levels of oxytocin in both. This study demonstrates within-species variation in oxytocin that is directly related to levels of affiliative and sexual behavior. However, different behavioral mechanisms influence oxytocin levels in males and females and a strong pair relationship (as indexed by high levels of oxytocin) may require the activation of appropriate mechanisms for both sexes.
Introduction
Oxytocin is a peptide hormone that has been shown to be involved in pair-bonding and social memory (reviewed by Carter, 1998) . There are clear species differences with distribution of oxytocin receptors and differential effects of oxytocin agonists and antagonists between monogamous and polygamous species of voles. There are also clear sex differences with neural mechanisms of pair-bonding in monogamous female rodents being influenced by differential sensitivity to exogenous oxytocin and/or differential oxytocin responsiveness to specific stimuli whereas males appear similarly influenced by responsiveness to the closely related peptide, arginine vasopressin (e.g. Carter, 1998; Insel and Shapiro, 1992; Lim and Young, 2006) . However, detailed studies of the distribution of oxytocin immunoreactive nerve cells and fibers in the brains in both socially monogamous prairie voles and common marmoset (Callithrix jacchus) found no sex differences (Wang et al., 1996 (Wang et al., , 1997 . On the other hand measures of peripheral oxytocin in both polygynous and monogamous species of rodents reported higher concentrations in females (Kramer et al., 2004) .
Several studies have indicated that oxytocin levels are affected by sexual and affiliative behavior. Newly paired prairie voles and cottontop tamarins engage in extensive sexual activity (Carter, 1998; Savage et al., 1988) and in both men and women peripheral oxytocin levels are elevated with orgasm (Krüger et al., 2003) . Tactile stimulation such as massage and hugging also leads to elevated oxytocin levels in both humans and rodents (Uvnäs-Moberg, 1998; Light et al., 2005) , and intranasal administration of OT has been shown to have several effects in humans including increased trust and attachment behavior (e.g. Kosfeld et al., 2005; Zak et al., 2005) . In humans, Grewen et al. (2005) reported elevations of oxytocin in both men and women with strong partner support. However, measures of relationship distress correlated with oxytocin levels in women and with arginine vasopressin levels in men (Taylor et al., 2010) .
These results suggest that natural variation in touch and sexual activity along with relationship quality might be associated with individual variation in oxytocin levels. Few studies have looked at the effects of within-species variation in affiliative and sexual behavior on oxytocin levels in both sexes. The goals of the current study were to examine possible sources of within-species variation in oxytocin levels by simultaneously measuring affiliative and sexual behavior and oxytocin levels over the course of a complete ovarian cycle. We used a complete ovarian cycle in order to establish chronic or basal measures of both hormones and behavior rather than note acute responses to specific events. We studied cotton-top tamarins (Saguinus oedipus), a cooperatively breeding species closely related to the common marmoset. Based on the fact that we have found few behavioral sex differences in tamarins, we predicted that there would be no differences between sexes in levels of oxytocin. We further predicted that oxytocin levels within a pair would be highly correlated. We also predicted that some of the variance in oxytocin levels would be explained by variation in affiliative and sexual behavior.
Methods

Subjects and housing
The subjects were 14 male-female pairs of cotton-top tamarins that had lived together for more than a year. One animal in each pair was sterilized for colony management reasons, but all had intact gonads. No offspring were present for any pair. Pairs were housed in identical cages constructed of anodized aluminum and poly-urethane coated mesh measuring 160 × 236 × 90 cm (L × H × W). Cages were fitted with branches and ropes to simulate the natural arboreal environment. The animals received three feedings each day: a snack as they awoke in the morning, a main feed at midday and a high protein snack in late afternoon. For additional details of husbandry see Ginther et al. (2001) .
Data collection Hormonal
Urine samples were collected three times each week over a 3-week period to encompass the complete ovarian cycle of the female (Ziegler et al., 1987) . Animals were awakened by turning on the lights and a person entered the cage and held a polypropylene container under the target monkeys to obtain the first morning void urine sample. Urine samples from each member of a pair were collected on the same mornings. All animals were well habituated to this procedure. As soon as samples were collected they were centrifuged and then aliquoted into two samples, one for steroid analyses and the other for peptide analyses. Samples were immediately stored at −20°C until the time of assay.
Behavioral
We completed a 30-min behavioral observation on each pair three times a week. Data were collected on a laptop computer using Observer 5.0 software (Noldus). We classified behavior into two broad categories, mutual behaviors that involved both members of the pair (and were thus scored for the pair rather than the individual, except grooming, see below), and individual behaviors. Mutual affiliative behaviors were huddling (animals in body contact with tails curled, duration and frequency recorded), proximity (within a tamarin arm's reach, duration recorded) and grooming (identity of groomer, duration, and frequency of bouts recorded). Mutual sexual behaviors included solicitations by both sexes and all mounts by males whether successful or not. Individual behaviors included female solicitations (vertical stretch directed toward mate with body rubbing on substrate), erections (by males), headshaking and tongue flicking, investigation (sniffing or licking of genitals of mate), initiation of proximity, grooming by one individual, female scent marks, male investigation of scent marks (within 5 s of female marking). Observation sessions alternated between morning and afternoon with nearly equal numbers at each time and were carried out prior to the main feed at noon or at least 1 hour following the main feed and before the afternoon snack. All observers were trained to a criterion of N85% reliability prior to observations.
Hormonal assays Oxytocin
There is evidence suggesting that some neuropeptides can cross the blood-brain barrier in both neonatal (e.g. Bales and Carter, 2003) and adult rodents (e.g. Banks and Kastin, 1985) and that peripheral measures of oxytocin can correlate with the biobehavioral functions of oxytocin (Kramer et al., 2004; Ring et al., 2006) . Functional changes in urinary oxytocin have been measured in human children in response to tactile stimulation from mothers (Wismer Fries et al., 2005) , in adult human males while interacting with infants (Gray et al., 2007) and in common marmosets with differences between socially isolated and non-isolated animals (Seltzer and Ziegler, 2007) . The assays used in the current study were modified slightly from the previously used radioimmunoassay (RIA). A direct enzyme immunoassay (EIA) (Assay Designs, Ann Arbor, MI) has been shown to have greater specificity than the earlier RIA, responding only to the fraction eluded at the location of oxytocin (Carter et al., 2007) . EIA reactivity with arginine vasopressin was less than 0.3%.
Samples were run in duplicate at a volume of 200 μl. Urine was diluted to 1 ml with purified water and 10 μl of phosphoric acid and purified by solid phase extraction (SPE). The SPE columns (Phenomenix Strata X) were conditioned with 1 ml methanol and 1 ml purified water. The samples were added and washed with 10% acetonitrile, 1% TFA (trifluoroacetic acid) in water and eluted with 1 ml 80:20 acetonitrile: water. Samples were dried and resuspended in 200 μl assay buffer and added to the microtiter plates according to the directions provided with the assay kit. All concentrations were divided by creatinine levels to control for variation in urine concentration. Values are expressed in pg/mgCr. Serial diluted pooled tamarin urine was parallel to oxytocin standards (t = 1.21, P N 0.05) and accuracy was 101.9 + 4.7% (mean + SEM). The upper sensitivity limit of the oxytocin assay was 500 pg/ml and values registering higher than this were entered as 500 pg/ml. Mean intra-assay coefficients of variation were 5.85% and inter-assay coefficients of variation were 16.11%.
Biological validation
We completed two biological validations in tamarins of the oxytocin assays. We implanted three males with an estradiol pellet (1.5 mg continuous release over 30 days) and we collected urine samples before and during the period of the implant. Estradiol increased significantly in all three males (t =3.64, P = 0.04) ensuring the effectiveness of the pellets in raising estradiol. Male oxytocin response varied substantially, but two of the three males showed a large increase in oxytocin following the estradiol elevation (mean pre OT = 17 ± 5 pg/mg Cr, mean post OT= 100 ± 15 pg/mg Cr) (Fig. 1) . These data are consistent with what is known about the stimulatory effect of estradiol on oxytocin (Ochedalski et al., 2007; Pedersen and Prange, 1979) and indicate that functional changes in oxytocin can be measured in urine.
We also compared urinary oxytocin levels in four tamarins housed alone for 1 week and with the same animals during the first week after pairing with a mate. We found a significant increase in oxytocin after pairing (23 ± 26.3 pg/mg Cr alone, 100 ± 2.7 pg/mg Cr after pairing, p b 0.003), as would be expected based on known patterns of oxytocin release. We also collected a urine sample from one male immediately after mounting and observed a level of oxytocin similar to the levels seen in the week following pairing. Thus the urinary oxytocin assay provides results that would be expected following physiologically and behaviorally induced oxytocin release and results are similar to patterns following manipulation of social conditions by Seltzer and Ziegler (2007) in the related common marmoset.
Cortisol
We measured cortisol levels according to the methods of Ziegler et al. (1995) , but found no significant relationships between cortisol and oxytocin or cortisol and behavior and do not discuss this further.
Data analyses
Our goal was to provide an assessment of chronic (or basal) levels of both oxytocin and behavior rather than to detect acute responses to individual events. Hence we used assays of first morning urinary samples that integrated hormonal activity over the preceding 13 h or more and we averaged hormonal and behavioral measures across the 3-week ovarian cycle of the female (Ziegler et al., 1987) . Behavioral data included both frequency and duration measures. In order to obtain a global comparison of oxytocin levels with affiliative behaviors, we first rank ordered pairs separately for duration and frequency of huddling and duration and frequency of grooming and frequency of sexual behaviors. We then averaged these ranks to obtain one rank value per pair. We also calculated pair ranks excluding sexual behavior to measure affiliation independently. We used Spearman rank order correlations to compare oxytocin levels of males and females within a pair and to compare the mean rank of each pair with levels of affiliative and sexual behavior. We used a t-test to determine if there were any differences in oxytocin levels between males and females. Finally, we used the raw data from paired measures (huddling and grooming duration, huddling and grooming frequency, and frequency of sexual behavior) and individual measures in stepwise multiple regression analyses (SPSS 16.0) to determine which components influenced variance in mean pair oxytocin and variance in female and male oxytocin levels taken separately.
Results
Male and female oxytocin levels did not differ across the sample (mean± SEM: female 23.69±5.25, male 16.26± 3.56 pg/mg Cr, t (26) = 1.17, P = 0.25). There was marked variation between individuals within each sex in mean basal oxytocin levels with a 10-fold range of values for both females (4.5-46.4 pg/mg Cr) and males (3.89-39.92 ng/mg Cr). However, within pairs there was a close correspondence between male and female oxytocin levels with a paired-sample ttest showing no significant sex difference (t (13) =1.35, P = 0.199) and a significant Spearman rank order correlation between mates (R S =0.714, n=14, P =0.02) (Fig. 2) . The striking within-species variation also appeared for the behavioral measures with sexual behavior ranging from 1.5 to 6.9 acts per 30 min, huddling and grooming duration ranging from 14.6 to 556.8 s per 30 min and huddling and grooming frequency ranging from 1.9 to 18.2 acts per 30 min.
We compared pair mean ranks of sexual behavior and huddling and grooming frequency and duration to the rank order of mean pair oxytocin levels. Pair oxytocin levels correlated significantly with affiliative behavior (R S = 0.783, n = 14, P b 0.01; Fig. 3 ). When sexual behavior was removed as a variable using only the rank order based on huddling and grooming frequency and duration the correlation with pair oxytocin rank was still highly significant (R S = 0.72, n = 14, P b 0.02).
To further identify which behaviors were best predictors of within-pair variation and male and female variation in oxytocin separately we completed stepwise multiple regression analyses. The model that explained the greatest variance in mean pair oxytocin levels included both total sexual behavior and frequency of affiliative behavior (F (2, 11) = 9.54, P = 0.004, adjusted r square = 0.57 beta for sexual behavior = 0.50, t = 2.55, P = 0.03, for frequency of affiliation behavior, beta = 0.47, t = 2.397, P = 0.04). For predictors of variance in female oxytocin levels the model excluded sex but included both affiliation duration and affiliation frequency (F (3, 10) = 3.937, P = 0.04 adjusted r square = 0.40). The beta coefficient for affiliation frequency was 0.62 (t = 2.325, P = 0.04); for affiliation duration beta = 0.56 (t = 2.188, P = 0.054). When predictors of male oxytocin levels were tested, the significant model included sexual behavior as the only significant variable (F (1, 12) = 7.46, P = 0.02, adjusted r square = 0.33; beta coefficient for sexual behavior = 0.62, t = 2.731, P = 0.02).
When we evaluated behaviors exhibited by individuals as contributors to variance in pair oxytocin levels three models emerged. The model that explained the most variance included male sexual behavior, male huddle initiation and female solicitation (F (3, 10) = 21.54, P = .001, adjusted r square = 0.83, beta for sexual behavior = 0.38, t =2.80 P = .02, beta for male huddle initiate = 0.62, t =4.85, P = 0.001, and beta for female solicit = 0.45, t =3.43, P = 0.006.).
The role of individual behavior in explaining variation in female oxytocin yielded two models. The model that explained the greatest variance included male huddle initiation and female solicitation (F (2, 11)=8.53, P=0.006, adjusted r square=0.54, beta for male huddle initiate =0.73, t=3.783, P=0.003, beta for female solicit=0.45, t=2.34, P=0.04). One significant model (male erections) explained variance in male oxytocin levels (F (1, 12)=10.69, P=0.006, adjusted r square=0.43, beta for erection=0.69, t=3.31, P=0.006). 
Discussion
We examined the levels of urinary oxytocin of 14 pairs of cottontop tamarins over the 3-week ovulatory cycle of females, and we simultaneously sampled affiliative and sexual behavior within each of the pairs. In contrast to previous research on rodents (polygynous rats and monogamous prairie voles) where sexually naïve females had increased levels of oxytocin compared to sexually naïve males (Kramer et al., 2004) we found no sex differences in oxytocin levels. Wang et al. (1997) studied the distribution of oxytocin immunoreactive neurons and fibers in common marmosets, a closely related species, and found no sex differences in the distribution of oxytocin immunoreactive cells. In both marmosets and tamarins sexual roles are not highly differentiated, with both taking part in infant care, vigilance and territory defense, which may be related to the lack of sex differences in peripheral oxytocin levels. However, our data suggest that oxytocin levels are stimulated by different behavioral variables for each sex.
An unexpected result was the 10-fold variation in oxytocin levels across individuals. The levels and brain distribution of oxytocin are known to differ significantly between monogamous versus promiscuous breeding species of voles but we are aware of only one study demonstrating such high levels of within species variation (Levine et al., 2007, in humans) . Young (2002, 2005) reported within species differences in AVP1A receptor genes and social behavior in prairie vole males, and a recent study on humans found similar variation in AVP1A receptor genes and male pair-bonding behavior (Walum et al., 2008) . We also found corresponding variation in measures of affiliative behavior across pairs. Our results suggest that variation in affiliative and sexual behavior may have a significant effect on hormones or vice versa. This variation in hormones and behavior within species has clear implications for understanding human behavioral variation in affiliation and pair bonding.
We also found a significant correlation between oxytocin levels in both males and females within tamarin pairs that suggests that complementary behavioral interactions may be responsible for the shared oxytocin levels. Some studies have shown that sexual activities as well as gentle stroking and touching can elicit increased oxytocin levels in humans (Uvnäs-Moberg, 1998; Krüger et al., 2003; Light et al., 2005) . Our multiple regression analyses identified two pair behavioral components (sexual behavior and frequency of affiliative contact) that explained 60% of the variance in the mean oxytocin levels within pairs. In addition three individual behaviors, male sex, male initiation of huddling and female solicitation, explained nearly 83% of the variance in pair oxytocin levels These results suggest that these behaviors may have a tonic effect on oxytocin levels, and that peripheral oxytocin levels reflect the quality of a pair relationship. It is important to emphasize that the data presented here represent chronic (or baseline) levels of hormones and behavior. We do not know whether or how quickly oxytocin levels may change in response to sexual behavior or female fertility.
Other studies have shown that social interactions can influence oxytocin levels and vice versa. Grewen et al. (2005) reported higher plasma oxytocin levels in men and women with strong partner support. However, Ditzen et al. (2007) failed to show differences in oxytocin as a function of partner social support in response to a stress test. Gonzaga et al. (2006) reported that the number of affiliation (but not sexual) cues produced correlated with plasma oxytocin levels in women. Gordon et al. (2008) reported that oxytocin levels in romantically unattached young adults were positively correlated with bonding with their parents and negatively correlated to psychological distress. Oxytocin levels across pregnancy predicted post-partum mother-infant bonding and mothers with secure attachment style had greater plasma oxytocin response to infant cues (Strathearn et al., 2009 ). In contrast, Taylor et al. (2010) found that measures of relationship distress correlated with oxytocin levels in women but with arginine vasopressin levels in men. Studies of newly paired guinea pigs found correlations of plasma oxytocin levels within pairs with social grooming, and sexual behavior predicting female oxytocin levels on day 4 after pairing (Wallner et al., 2006) . Odendaal and Meintjes (2003) have reported that affiliative interactions (petting and scratching) between humans and dogs increased oxytocin levels in both species. Our results suggest that chronic levels of oxytocin may be maintained through high levels of affiliative and sexual behavior.
Although we found no sex differences in oxytocin levels, multiple regression analyses showed that variation in oxytocin levels was best explained by different variables in each sex. For males, frequency of pair sexual behavior explained 45% of the variance and male erections explained 43% of the variance. For females the best model excluded sexual behavior but showed that 40% of the variance in female oxytocin could be explained by the frequency and duration of contact behavior and grooming. These results based on pair behaviors suggest males and females have complementary behavioral strategies with female oxytocin levels being influenced by amount of proximity and contact they receive whereas male levels are affected by amount of sexual activity. It is interesting that analyses of individual behaviors suggest that mates may be responsive to each other's needs. Male initiation of huddles with females and female solicitation of sex were both important variables in explaining variation in both pair and female oxytocin levels. A good relationship between pair-mates may be one where each sex can respond to the behavioral needs of its mate.
The natural establishment of pairbonds in prairie voles is usually accompanied by extensive sexual behavior over 1-2 days (Carter, 1998) which also induces ovulation in females. However, pairbonds can also be formed without extensive sexual behavior In tamarins sexual behavior may be important in pair formation as we have observed high rates of sexual behavior in newly formed pairs (Savage et al., 1988) . However, tamarins also engage in high rates of nonconceptive sex not only over the female ovarian cycle but during pregnancy as well. We have reported (Snowdon and Ziegler, 2007) that rates of nonconceptive sex and female solicitation increase after minor threats to the relationship (brief separations, and olfactory stimuli from novel reproductive females) suggesting that nonconceptive sex may be important in restoring or maintaining a relationship. In support of this experimental studies on humans have demonstrated that oxytocin administered peripherally can increase perceptions of attractiveness and trust (Theodoridou et al., 2009) , facilitate recognition of positive words associated with both sex and relationships (Unkelbach et al., 2008) , enhance feelings of attachment security in men (Buchheim et al., 2009) , and increase processing of positive emotional information in men (Di Simplicio et al., 2009) .
The extensive within species co-variation in affiliation, sexual activity and oxytocin levels in tamarins suggests that among pairbonded primates there can be considerable within species variation. We suggest that the amount and quality of close contact and nonconceptive sex may also play an important role in predicting the quality and duration of human heterosexual relationships. The demonstration that both sexes of tamarins have equal levels of oxytocin within a pair, but that these levels are influenced by different behaviors for each sex and that each sex engages in behavior that complements the needs of the mate suggest ways in which human relationships might be improved.
